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a  b  s  t  r  a  c  t

This  paper  proposes  a variable  speed  control  scheme  for  grid-connected  wind  energy  conversion  sys-
tem (WECS)  using  permanent  magnet  synchronous  generator  (PMSG).  The  control  algorithm  tracks  the
maximum  power  for  wind  speeds  below  rated  speed  of  wind  turbines  and  ensures  the power  will  not
go over  the  rated  power  for wind  speeds  over  the  rated value.  The  control  algorithm  employs  fuzzy logic
controller  (FLC)  to  effectively  do this  target.  The  wind  turbine  is  connected  to the  grid  via back-to-back
PWM-VSC.  Two  effective  computer  simulation  packages  (PSIM  and  Simulink)  are  used to  carry  out the
simulation  effectively.  The  control  system  has  two  controllers  for generator  side  and  grid  side  converters.
eywords:
ind energy systems

ermanent magnet synchronous generator
uzzy logic controller
imulation software packages (PSIM and

The  main  function  of  the generator  side  controller  is  to track  the maximum  power  through  controlling
the  rotational  speed  of the wind  turbine  using  FLC.  In the  grid  side  converter,  active  and  reactive  power
control  has  been  achieved  by  controlling  q-axis  and  d-axis  current  components,  respectively.  The  d-axis
current  is set  at  zero  for unity  power  factor  and  the  q-axis  current  is controlled  to deliver  the  power

to the
imulink)
aximum power point tracking

flowing  from  the  dc-link  

. Introduction

Wind energy is one of the most promising renewable energy
esources for generating electricity due to its cost competitiveness
ompared to other conventional types of energy resources. Only
ome specific locations with adequate wind energy resources can
e described as being suitable for wind energy electricity gener-
tion. Wind energy is not harmful to the environment and it is
aturally an abundant resource. Hence, wind power could be uti-

ized by mechanically converting it to electrical power using wind
urbine (WT). Various WT  concepts have been developed into wind
ower technologies and led to significant growth of wind power
apacity during the last two decades. Variable speed operation and
irect drive WTs  have been the modern aspects of the wind energy
onversion system (WECS) technology. Variable-speed has many
dvantages over fixed-speed operations such as increased energy
apture, operation at maximum power point over a wide range
f wind speeds, high power quality, reduced mechanical stresses,
erodynamic noise improved system reliability, providing 10–15%
igher output power and less mechanical stresses compared to
he operation of a fixed speed systems [1,2]. WTs  can be classi-

ed into direct drive (DD) and geared drive (GD) according to the
ype of drive train. The GD type uses a gear box and squirrel cage
nduction generator (SCIG). The GD configuration can be classi-

∗ Corresponding author. Tel.: +966 500507630.
E-mail address: hfarh1@ksu.edu.sa (H.M. Farh).

378-7796/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.epsr.2013.01.001
 electric  utility  grid.
© 2013 Elsevier B.V. All rights reserved.

fied into stall, active stall and pitch control systems in constant
speed applications. The variable speed applications used doubly-
fed induction generator (DFIG) especially in high power WTs. The
gearless DD WTs  have been used with small and medium size
WTs  employing PMSG with higher numbers of poles to elimi-
nate the need for gearbox which can be translated into higher
efficiency. PMSG appears more and more attractive, because of
the advantages of permanent magnet (PM) machines over electri-
cally excited machines such as its higher efficiency, higher energy
per weight, and no additional power supply for the magnet field
excitation and higher reliability due to the absence of mechanical
components such as slip rings. In addition, the performance of PM
materials is improving and the cost is decreasing in recent years.
Therefore, these advantages make DD applications in PM wind tur-
bine generator systems more attractive in application of small and
medium-scale wind turbines [1,3,4].

Robust controller has been developed in many literatures [5–15]
to track the maximum power available in the wind. They include
tip speed ratio (TSR) [5,13],  power signal feedback (PSF) [8,14] and
the hill-climb searching (HCS) [11,12] techniques. The TSR control
technique regulates the rotational speed of the generator to main-
tain an optimal TSR at which maximum power is extracted [13]. For
TSR calculation, both the wind speed and turbine speed need to be
measured, and the optimal TSR must be given to the controller. The

first barrier to implement TSR control technique is the wind speed
measurement which adds to system cost and presents difficulties in
practical implementations. The second barrier is the need to obtain
the optimal value of TSR; this value is different from one system

dx.doi.org/10.1016/j.epsr.2013.01.001
http://www.sciencedirect.com/science/journal/03787796
http://www.elsevier.com/locate/epsr
mailto:hfarh1@ksu.edu.sa
dx.doi.org/10.1016/j.epsr.2013.01.001


wer S

t
r
w
t
c
i
s
f
w
d
s
w
t
m
e
O
m
m
f
i
a
w
r
t
t
n
p
r
a
t
a
d
c
t
a
M
c
a
c
t
m

t
M
t
i
t
o
a
c
t
l
i

Pm = 1
2
CP(�, ˇ)�Au3 (1)
A.M. Eltamaly, H.M. Farh / Electric Po

o another. This depends on the turbine-generator characteristics
esults in custom-designed control software tailored for individual
ind turbines [14]. In PSF control technique [8,14],  it is required

o have the knowledge of the wind turbine’s maximum power
urves to track its maximum power point in these curves through
ts control mechanisms. The power curves need to be obtained via
imulations or off-line experiment on individual wind turbines or
rom the datasheet of WT  which makes it difficult to implement
ith accuracy in practical applications [7,8,15]. The HCS technique
oes not require wind speed data, generator rotational speeds mea-
urements or the turbine characteristics. But, this technique works
ell only for very small wind turbine inertia. For large inertia wind

urbines, the system output power is interlaced with the turbine
echanical power and rate of change in the mechanically stored

nergy, which often renders the HCS technique ineffective [11,12].
n the other hand, different algorithms have been used for maxi-
um  power extraction from WT  in addition to the three techniques
entioned above. For example, Oghafy [1] presents an algorithm

or maximum power extraction and reactive power control of an
nverter through the power angle (ı) of the inverter terminal volt-
ge and the modulation index (ma) based on variable-speed WT
ithout wind speed sensor. Chinchilla et al. [16] present an algo-

ithm for maximum power point tracking (MPPT) via controlling
he generator torque through q-axis current and hence controlling
he generator speed with variation of the wind speed. These tech-
iques are used for a decoupled control of the active and reactive
ower generated from the WT  through q-axis and d-axis current
espectively. Also, Song et al. [17] present a decoupled control of the
ctive and reactive power generated from the WT,  independently
hrough q-axis and d-axis current but maximum power point oper-
tion of the WECS has been produced through regulating the input
c current of the dc/dc boost converter to follow the optimized
urrent reference. Eltamaly [18] presents an algorithm for MPPT
hrough directly adjusting duty ratio of the dc/dc boost converter
nd modulation index of the PWM-VSC. Hussein et al. [19] present
PPT control algorithm based on measuring the dc-link voltage and

urrent of the uncontrolled rectifier to attain the maximum avail-
ble power from wind. Finally, MPPT control based on a fuzzy logic
ontrol (FLC) has been presented in [20–22].  The function of FLC is
o track the generator rotational speed with the reference speed for

aximum power extraction with variation of wind speeds.
In this study, the WECS is designed using PMSG connected with

he grid via a back-to-back PWM-VSC as shown in Fig. 1. A modified
PPT control algorithm has been introduced using FLC to regulate

he rotational speed to force the PMSG to work around its max-
mum power point in speeds below rated speeds and to produce
he rated power in wind speed higher than the rated wind speed
f the WT.  The input to FLC is two real time measurements which
re the change of output power and rotational speed between two
onsequent iterations (�Pm, and �ωm). The output from FLC is

he required change in the rotational speed �ω∗

m. The detailed
ogic behind the new proposed technique is explained in details
n the following sections. Indirect vector-controlled PMSG system

Generator- side
controller

PMSG

Generator-side

converter

Grid-side

converter
Utility grid

Grid- side
controller

Fig. 1. Schematic diagram of the overall system.
ystems Research 97 (2013) 144– 150 145

has been used for this purpose. The modified MPPT control system
shown in this paper is able to track maximum output power via con-
trolling the electromagnetic torque using the two components i˛,
iˇ of the generator current in simple and effective way. For the grid
side converter, active and reactive power control has been achieved
by controlling quadrature and direct current components of grid
current respectively. Two effective computer simulation software
packages (PSIM and Simulink) have been integrated together to
carry out the simulation of the modified system effectively. PSIM
contains the power circuit of the WECS and Matlab/Simulink con-
tains the control circuit of the WECS. The idea behind integrating
these two  different software packages is that PSIM is a very effec-
tive and a simple tool for modeling the power electronics circuits
whereas Simulink is a very effective and a simple tool for modeling
the control system especially for FLC and mathematical manip-
ulation. This integration between PSIM and Simulink has never
been used in MPPT of wind energy systems in the literature and
this approach will help researchers to develop many other con-
trol techniques in this area. The interconnection between PSIM
and Simulink makes the simulation process easier, efficient, fast
response and powerful.

2. Wind energy conversion system description

Fig. 2 shows the co-simulation (PSIM/Simulink) programs for
interconnecting WECS to electric utility. The PSIM program con-
tains the power circuit of the WECS and Matlab/Simulink program
contains the control of this system. The connection between PSIM
and Matlab/Simulink has been done via the SimCoupler block tool
in Simulink. The basic topology of the power circuit which has
PMSG driven wind turbine connected to the utility grid through the
ac–dc–ac conversion system is shown in Fig. 1. The PMSG is con-
nected to the grid via back-to-back bidirectional PWM-VSC. The
generator side converter is connected to the grid side converter
through dc-link capacitor. The control of the overall system has
been done through the generator side converter and the grid side
converter. The MPPT algorithm has been achieved through control-
ling the generator side converter using FLC. The grid-side converter
controller maintains the dc-link voltage at the desired value by
exporting active power to the grid and it controls the reactive power
exchange with the grid.

2.1. Wind turbine model

Wind turbine converts the wind power to a mechanical power.
This mechanical power generated by wind turbine at the shaft of
the generator can be expressed as:
where � is the air density (typically 1.225 kg/m3),  ̌ is the pitch
angle (in degree), A is the area swept by the rotor blades (in m2), u

SimCoupler Block
(Power circuit)

Generator-side

controller

Grid-side

controller

Simuliink

(control circuit)

From

PSIM

To

PSIM

Fig. 2. Co-simulation block of wind energy system interfaced to electric utility.
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controlled through the rotor reference frame (˛,  ̌ axis) as shown
in Fig. 5 [25]. So, the references value of i˛, iˇ can be estimated
easily from the amplitude of i∗sq and the rotor angle, �r. Initially,
to find the rotor angle, �r, the relationship between the electrical
46 A.M. Eltamaly, H.M. Farh / Electric Po

s the wind speed (in m/s) and CP(�, ˇ) is the wind-turbine power
oefficient (dimensionless).

The turbine power coefficient, CP(�, ˇ), describes the power
xtraction efficiency of the wind turbine. It is defined as the ratio
etween the mechanical power available at the turbine shaft and
he power available in wind. A generic equation is used to model
P(�, ˇ) based on the modeling turbine characteristics and it is
hown as follows [23]:

P(�, ˇ) = 0.5176
(

116 ∗ 1
�i

− 0.4  ̌ − 5
)
e−21/�i + 0.0068� (2)

here 1/�i = 1/(� + 0.08ˇ) − (0.035/1 + ˇ3).
CP is a nonlinear function of both tip speed ratio (�) and the

lade pitch angle (ˇ). � is the ratio of the turbine speed (ω∗
mR) to

he wind speed (u) as follow [24]:

 = ω∗
mR

u
(3)

here ωm is the rotational speed and R is the radius of the swept
rea by turbine blades, respectively.

For a fixed ˇ, CP becomes a nonlinear function of �, only. Accord-
ng to Eq. (3),  there is a relation between � and ωm. Hence, at

 certain u, the power is maximized at a certain ωm called opti-
um  rotational speed, ωopt. This speed corresponds to optimum tip

peed ratio (�opt) [15]. The value of the tip speed ratio is constant
or all maximum power points (MPPs). So, to extract maximum
ower at variable wind speed, the WT  should always operate at
opt in speeds bellow the rated speed. This occurs by controlling the
otational speed of the WT  to be equal to the optimum rotational
peed. Fig. 3 shows that the mechanical power generated by WT
t the shaft of the generator as a function of ωm. These curves are
btained from PSIM technical support team for the wind turbine
sed in this paper. It is clear from this figure that for each wind
peed; the mechanical output power is maximized at particular
otational speed (ωopt).

.2. PMSG model

The generator is modeled by the following voltage equations in
he rotor reference frame (dq axes) [25]:

vsd = Rsisd + d�sd
dt

− ωr�sq
(4)
vsq = Rsisq + d�sq
dt

+ ωr�sd

here �sq, and �sd are the stator flux linkages in the direct and
uadrature axis of rotor. The equations for these values in the

Fig. 3. Typical output power characteristics.
ystems Research 97 (2013) 144– 150

absence of damper circuits can be expressed in terms of the stator
currents and the magnetic flux as following [25]:

�sd = Lsisd +  F

�sq = Lsisq
(5)

where  F is the flux of the permanent magnets, Ls is the stator
inductance of PMSG.

The electrical torque, Te of the three-phase PMSG can be calcu-
lated as following [25,26]:

Te = 3
2
P[�sdisq − �sqisd] (6)

where P is the number of pole pairs. For a non-salient-pole machine,
the stator inductances Lsd and Lsq are approximately equal [25]. This
means that the direct-axis current isd does not contribute to the
electrical torque. Our concept is to keep isd to zero in order to obtain
maximal torque with minimum current. Then, the electromagnetic
torque can be obtained from the following equation:

Te = 3
2
P F isq = Kcisq (7)

where isq is the quadrature-axis component of the stator-current
space vector expressed in the rotor reference frame and Kc is called
the torque constant.

3. Control of the generator side converter

The generator side controller controls the generator rotational
speed to produce the maximum output power via controlling the
electromagnetic torque according to Eq. (7).  The proposed control
logic of the generator side converter is shown in Fig. 4. The speed
loop will generate the q-axis current component to control the gen-
erator torque and speed at different wind speed via estimating the
references value of i˛, iˇ as shown in Fig. 4. The torque control can
be achieved through the control of the isq current as shown in Eq.
(7). Fig. 5 shows the stator and rotor current space phasors and the
excitation flux of the PMSG. The quadrature stator current isq can be
PWM

converter
vdc

PMSG

Speed

control

abc / α, β
Clark’s

Trasformation

ωm* ωm

iα* iβ*

CCβ

iα iβ

vαs* vβs*

SVPWM

CCβ: β- axis current controller
CCα: α- axis current controller

CCα

ia ib ic

FLC
ΔP

iα iβ

Δωm

Fig. 4. Control block diagram of generator side converter.
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Table 1
Rules of fuzzy logic controller.

�ωm �Pm

N++ NB NM NS ZE PS PM PB P++

The power flow of the grid-side converter is controlled in
order to maintain the dc-link voltage at reference value, 600 V.
Since increasing the output power rather than the input power to
ig. 5. The stator and rotor current space phasors and the excitation flux of the
MSG.

ngular speed, ωr and the rotor mechanical speed (rad/s), ωm can
e expressed as:

r = P

2
ωm (8)

o, the rotor angle, �r can be estimated by integrating of the elec-
rical angular speed, ωr. The input to the speed control is the actual
nd reference rotor mechanical speed (rad/s) and the output is the
˛, ˇ) reference current components. The actual values of the (˛,
) current components have been estimated using Clark’s trans-

ormation to the three phase current of PMSG. The FLC can be used
o find the reference speed along which tracks the MPPs.

. Fuzzy logic controller for MPPT

At certain wind speed, the power is maximized at a certain ωm

alled optimum rotational speed (ωopt). This speed corresponds to
ptimum tip speed ratio (�opt) [15]. So, to extract maximum power
t variable wind speed, the turbine should always operate at �opt.
his occurs by controlling the rotational speed of the turbine. Con-
rolling of the turbine to operate at optimum rotational speed can
e done using the FLC. Each wind turbine has one value of �opt

t variable speed but ωopt changes from a certain wind speed to
nother. From Eq. (3),  the relation between ωopt and wind speed
u) for constant R and �opt can be obtained as following:

opt = �opt
R
u (9)

rom Eq. (9),  the relation between the optimum rotational speed

nd wind speed is linear. FLC is used to search the rotational
peed reference which tracks the maximum power point at vari-
ble wind speeds. The block diagram of FLC is shown in Fig. 6. The
ain goal of implementing FLC instead of using PI-controller is to

Time

delay

Fuzzy

Logic

Controller

ωm

Time

delay

ωm*Δωm*

Time

delay

Δωm

ΔPmPm

Fig. 6. Input and output of fuzzy controller.
N P++ PB PM PS ZE NS NM NB N++
ZE  NB NM NS NS ZE PS PM PM PB
P N++ NB NM NS ZE PM PM PB PB

continuously adapt the rotational speed of the generator to the
wind speed in a way that the turbine operates at its optimum
level of aerodynamic efficiency. The advantages of using FLC against
standard PI-controller are universal control algorithm, very simple,
adaptive, fast response, extension of the operating range, parame-
ter insensitivity and it can work properly even with an inaccurate
input signals. The proposed FLC doesn’t need any information on
the wind speed or WT  parameters which makes it universal for
different WT  types. Also, FLC has better and efficient response in
tracking the maximum power point, especially in case of frequently
changing wind speeds. Two variables are used as input to FLC (�Pm,
and �ωm) and the output is (�ω∗

m). Membership functions are
shown in Fig. 7. Triangular symmetrical membership functions are
suitable for the input and output, which give more sensitivity espe-
cially as variables approach to zero value. FLC does not require any
detailed mathematical model of the system and its operation is
governed simply by a set of rules. The principle of the FLC is to
perturb the reference speed, �ω∗

m and to observe the correspond-
ing change of power, �Pm. If the output power increases with the
last speed increment, the searching process continues in the same
direction. On the other hand, if the speed increment reduces the
output power, the direction of the searching is reversed. The FLC is
efficient to track the maximum power point, especially in case of
frequently changing wind conditions [22].

Fig. 7 shows the input and output membership functions. Table 1
lists the control rule for the input and output variable. The next
fuzzy levels are chosen for controlling the inputs and output of the
FLC. The variation step of the power and the reference speed may
vary depending on the system. In Fig. 7, the variation step in the
speed reference is from −0.15 rad/s to 0.15 rad/s for power varia-
tion ranging over from −30 W to 30 W.  The membership definitions
are given as follows: N (negative), N++ (very big negative), NB (neg-
ative big), NM (negative medium), NS (negative small), ZE (zero), P
(positive), PS (positive small), PM (positive medium), PB (positive
big), and P++ (very big positive).

5. Control of the grid side converter
-30 30

N++ NB NM NS ZE PS PM PB P++

-0.15 0.15

N++ NB NM NS ZE PS PM PB P++

ZE PN

-0.15 0.15

Input membership functions of ΔP and Δω respectively

Output membership functions

Fig. 7. Membership functions of fuzzy logic controller.
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c-link capacitor causes a decrease of the dc-link voltage and vice
ersa. The output power will be regulated to keep dc-link voltage
pproximately constant. The dc-link voltage has been maintained
nd the reactive power flowing into the grid has been controlled
t zero value. This has been done via controlling the grid side con-
erter currents using the d–q vector control approach. The active
nd reactive power can be defined as the following:

s = 3
2

(vdid + vqiq) (10)

s = 3
2

(vqid − vdiq) (11)

y aligning the q-axis of the reference frame along with the grid
oltage position vd = 0 and from (10) and (11) the active and reactive
ower can be obtained from the following equations:

s = 3
2

vqiq (12)

s = 3
2

vqid (13)

Active and reactive power control has been achieved by control-
ing quadrature and direct grid current components respectively.
wo control loops are used to control the active and reactive power.
n outer dc-link voltage control loop is used to set the q-axis current
eference for active power control. The inner control loop controls
he reactive power by setting the d-axis current reference to zero
alue for unity power factor as shown in Eq. (13). The q-axis current
s controlled to deliver the power flowing from the dc-link to the
rid to maintain the dc-link voltage at constant value. The control
lock diagram of the grid side converter is shown in Fig. 8.

. Simulation results

A co-simulation (PSIM/Simulink) program has been used where
SIM contains the power circuit of the WECS and Matlab/Simulink
as the whole control system as described before. The model
f WECS in PSIM contains the WT  connected to the utility grid
hrough back-to-back bidirectional PWM  converter. The control of
he whole system in Simulink contains the generator side controller

nd the grid side controller. The wind turbine characteristics and
he parameters of the PMSG are listed in the Appendix. The gener-
tor can be directly controlled by the generator side controller to
rack the maximum power available from the WT.  The wind speed

VC

a b c

q d

vdc*

iq* id*

CCq CCd iq id

vq* vd*

SVPWM

PWM

converter
vdc

vdc

ia ib

Utility

ic

θ

id CCq : q- axis Current Controller
CCd : d- axis Current Controller
VC : Voltage Controller

iq

Fig. 8. Control block diagram of grid-side converter.

Fig. 9. Different simulation waveforms: (a) wind speed variation (7–13) m/s, (b)

actual and reference rotational speed (rad/s), (c) CP , (d) dc-link voltage (v), (e) active
power (W), and (f) reactive power (Var).

has been taken from actual wind speed data from Dammam site
in Saudi Arabia where these wind speeds is changing from 7 m/s

to 13 m/s  as input to WT  as shown in Fig. 9(a). To extract max-
imum power at variable wind speed, the turbine should always
operate at �opt. This occurs by controlling the rotational speed of
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he WT.  So, it always operates at ωopt. Where, ωopt changes from a
ertain wind speed to another. The fuzzy logic controller is used to
earch the optimum rotational speed which tracks the maximum
ower point at variable wind speeds. On the other hand, Fig. 9(b)
hows the variation of the actual and reference rotational speed
s a result of the wind speed variation. At certain wind speed, the
ctual and reference rotational speeds are estimated and these val-
es agree with the power characteristic of the wind turbine shown
reviously in Fig. 3. Hence the WT  always operates at the optimum
otational speed which proves the superiority of the proposed FLC
n accurately tracking performance for the maximum output power
oint and forcing the WT  to rotate at the optimum rotational speed.
ence, the power extraction from wind is maximized at variable
ind speed. It is clear from Fig. 9(b) that the control system follows

he reference speed which obtained from FLC. Fig. 9(c) shows the
ower coefficient (CP) waveform. The grid-side controller main-
ains the dc-link voltage at the desired value, 600 V, as shown in
ig. 9(d). The dc-link voltage is regulated by exporting active power
o the grid as shown in Fig. 9(e). The reactive power transmitted to
he grid has been controlled to be zero as shown in Fig. 9(f). The
esults obtained from Fig. 9 show that the control system is working
ffectively in tracking the maximum power and accurately control
he reactive power as required from the grid.

. Conclusions

A co-simulation (PSIM/Simulink) program has been proposed
or WECS in this paper where PSIM contains the power circuits of
he WECS and Matlab/Simulink contains the control circuit of the

ECS. The idea behind integrating these two software packages is
hat, the Matlab/Simulink is a powerful tool for modeling the con-
rol system, FLC and mathematical manipulation whereas PSIM is a
owerful tool for modeling power electronics circuits and switches.
o-simulation (PSIM/Simulink) makes the simulation process so
uch easy, efficient, faster in response and powerful. The inte-

ration between PSIM and Simulink is the first time to be used in
odeling WECS which help researchers in modifying the modeling

f WECS in the future. The WT  is connected to the grid via back-
o-back PWM  converters which have been modeled in PSIM. The
enerator side and the grid side controllers have been modeled in
imulink. The generator side controller has been used to track the
aximum power generated from WT  through controlling the rota-

ional speed of the turbine using FLC. The PMSG has been controlled
n indirect-vector field oriented control technique and its speed ref-
rence has been obtained from FLC. In the grid side converter, active
nd reactive power control has been achieved by controlling q-axis
nd d-axis grid current components respectively. The d-axis grid
urrent is controlled to be zero for unity power factor and the q-
xis grid current is controlled to deliver the power flowing from
he dc-link to the grid. The simulation results prove the superiority
f FLC and the whole control system.
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ppendix.
ist of symbols
the power angle of PWM  converter

a the modulation index of the PWM-VSC

[
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D duty ratio of the boost converter
CP the wind-turbine power coefficient
u the wind speed (m/s)
�,  ̌ the tip speed ratio and the pitch angle of wind turbine

blades
�sq the stator flux linkages in the q-axis of rotor
�sd the stator flux linkages in the d-axis of rotor
 F the flux of the permanent magnets
isq the quadrature-axis component of the stator-current
isd the direct-axis component of the stator-current
Te the electromagnetic torque
�r the rotor angle
ωr the electrical angular speed
ωm the rotor mechanical speed
Pm output power from WT  generator
Ps, Qs output active and reactive power from the PWM  con-

verter to grid respectively

Table A1 Parameters of wind turbine model and PMSG.

Wind turbine PMSG

Nominal output power 19 kw Rs (stator resistance) 1 m
Wind speed input 7:13 m/s  Ld (d-axis inductance) 1 m
Base wind speed 12 m/s  Lq (q-axis inductance) 1 m
Base rotational speed 190 rpm No. of poles, P 30
Moment of inertia 1 m Moment of inertia 100 m
Blade pitch angle input 0◦ Mech. time constant 1
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